A B S T R A C T The concentrating ability of the kidney was studied by clearance and micropuncture techniques and tissue slice analyses in normal rats with two intact kidneys (intact controls), normal rats with a solitary kidney (uninephrectomized controls), and uremic rats with a single pyelonephritic kidney. Urinary osmolality after water deprivation for 24 h and administration of antidiuretic hormone was 2,501+217 and 2,874±392 mosmollkg H20 in intact and uninephrectomized control rats, respectively, and 929±130 mosmol'kg H20 in pyelonephritic rats (P < 0.001 compared to each control group). Fractional water reabsorption and concentrating ability were significantly decreased in the pyelonephritic group, and, to achieve an equivalent fractional excretion of urea, a greater fractional excretion of water was required in the pyelonephritic rats than in the control rats.
In all groups fractional water delivery and fractional sodium delivery were closely comparable at the end of the proximal convoluted tubule and at the beginning of the distal convoluted tubule. In contrast, fractional urea delivery out of the proximal tubule was greater in the intact control group (73+8%) than in either the uninephrectomized (52+2%) or the pyelonephritic group (53+3%) (P < 0.005). Fractional urea delivery at the early part of the distal tubule increased significantly to 137±11% and 93±6% of the filtered load in intact control and uninephrectomized control rats, respectively (P < 0.001 compared to the late proximal values of each group), but failed to increase significantly in pyelonephritic rats (65±13%), indicating INTRODUCTION Failure to concentrate the urine maximally is characteristic of end-stage renal disease (1) . Several mechanisms have been proposed to explain this functional impairment (2 (1, 2) ; the maximum urine-toplasma osmolal ratio [(U/P)osm] remains depressed even when values are corrected for the effect of the increased solute excretion rate (per nephron) on urinary osmolality (3, 4) . (c) The ability to dilute the urine, also dependent upon transport of NaCl by the ascending limb of the loop of Henle, persists long after the concentrating defect becomes overtly manifest (4) . (d) The existing evidence either for or against a change in responsiveness to ADH is inconclusive (5, 6) . (e) Finally, no compelling data either support or contradict the thesis that a medullary washout results from increased medullary plasma flow in chronic renal insufficiency (7) .
Recently the role of the intrarenal "recycling" of urea in the normal concentrating process has been reemphasized (8, 9 ). Urea constitutes a major fraction of the total pool of osmotically active particles in the inner medulla of the kidney and thus contributes importantly to the maintenance of medullary hypertonicity. The latter, in turn, is crucial for the generation of a hyperosmotic urine by promoting the abstraction of free water from the inner medullary and papillary collecting ducts, and may possibly play a role in the reabsorption of sodium chloride from the thin ascending limb of the loop of Henle (8, 10) .
The present studies examine the concentrating defect in rats with experimentally induced chronic pyelonephritis utilizing clearance, micropuncture, and tissue homogenate techniques. Particular attention has been directed to the intrarenal movements of urea and to the corticopapillary concentration gradients for urea and total solutes. The data show an interruption in the normal intrarenal urea cycle that eventuates in the obliteration of the normal corticopapillary concentration gradient for sodium chloride and urea. This failure to accumulate medullary solute could play an important role in the concentrating defect in chronic renal disease.
'Abbreviations used in this paper: ADH, antidiuretic hormone; FE, fractional excretion; GFR, glomerular filtration rate; SNGFR, single nephron GFR; TCHG/GFR, fractional free water reabsorption; (TF/P),n, (TF/P)Na, (TF/P)urea, (TF/P)osm, ratio of tubular fluid to plasma concentrations of inulin, sodium, urea, and total solute; Umax' maximal urinary osmolality; (U/P).sm, urine to plasma osmolal ratio. Preparation of the pyelonephritic animals. Unilateral pyelonephritis was induced in 49 rats by a modification of the technique described by Lubowitz et al. (11) . After the animal was lightly anesthetized with ether, the left kidney was exposed through a posterior subcostal incision and punctured to a depth of approximately 5 mm some 15-20 times with a heated 23 gauge electrocautery needle. The kidney was then punctured an additional 20 times with a 26 gauge hypodermic needle dipped repeatedly in nutrient broth containing a turbid culture of E. coli isolated from a patient with a urinary tract infection and incubated overnight in the broth without aeration. Finally, 0.1 ml of the broth culture was injected directly into the parenchyma of the kidney and 0.5 ml of the same culture was administered intravenously via a tail vein. The kidney was then washed with isotonic saline, and replaced in its fossa and the skin incision was closed. 2 wk after this procedure, the animals underwent a right nephrectomy.
For the first few days after induction of unilateral pyelonephritis the animals exhibited gross hematuria but otherwise remained alert and appeared clinically well. However, after right nephrectomy, they developed clinical manifestations of uremia including lethargy, failure to gain weight, loss of skin turgor, and failure to regrow hair. Of the original group of 49 animals, 18 died before they could be studied.
Grossly, the kidneys were contracted and scarred. The internal architecture was moderately distorted. Microscopically, the changes included "thyroidization" of tubules, extensive interstitial infiltration ofinflammatory cells, and scar formation. The glomeruli appeared normal (Fig. 1) . Experiments on the 31 surviving pyelonephritic rats and on the uninephrectomized control rats were performed from 2 to 4 wk after removal of the right kidney.
Studies of maximal urinary concentrating ability (Umax).
Um.. was determined in seven intact and four uninephrectomized controls and in seven pyelonephritic rats, after 24 h of water and food deprivation. The evening before study, each rat was given a subcutaneous injection of 500 mU ADH in oil (Pitressin, Park, Davis & Company, Detroit, Mich.) and placed in an individual metabolic cage. Urine was collected under mineral oil for 16 h to measure osmolality. Water and food were withheld during the collection. Thereafter, the rats had free access to food and water for at least 1 wk before micropuncture studies were performed.
Micropuncture and clearance studies Hydropenic animals. The animals in this series of experiments were given a subcutaneous injection of 500 mU ADH in oil and were deprived of food and water 16 h before the beginning of the micropuncture experiments. On the morning of study the rats were anesthetized with 100 mg/kg Inactin (Promonta, Hamburg, W. Germany). After a tracheostomy, the rats were placed on a heated board. The rectal temperature was maintained at 37°C with a thermistor connected to the heat source. (11, 13, 14) . No animal received more than 0.75 ml of the dye solution and most received less than 0.50 ml. Tubular fluid samples were collected with silicon-coated acid-washed micropipettes (7-10 gm outside diameter). The The results of whole kidney function measurements are also presented in Table II for the same groups of animals. In the hydropenic rats, glomerular filtration rate (GFR) averaged 1.57+0.19 ml/min in the intact rats, 1.39+0.18 ml/min in the uninephrectomized control group, and 0.30+0.07 ml/min in the pyelonephritic group (P < 0.005 compared to either control group). In the hydrated rats GFR averaged 1.51±0.13 ml/min in control and 0.65+0.10 ml/min in pyelonephritic animals (P < 0.005).
In both series of experiments, (U/P)n,, and (U/P)OSm ratios were significantly greater in control than in pyelonephritic rats, reflecting greater fractional water reabsorption and concentrating capacity, respectively.
Fractional urea excretion was not significantly different in rats with pyelonephritis and in control rats. The ability to reabsorb solute-free water as a function of solute clearance is shown in Fig. 3 , where fractional free water reabsorption, (TCH2G/GFR) x 100, is plotted as a function offractional osmolal clearance (CosM/GFR) x 100. The values for both hydropenic and hydrated control rats were distributed along a straight line, whereas all values in the rats with pyelonephritis fell well below the control line. Thus, the pyelonephritic animals demonstrated a subnormal fractional free water reabsorption at any given level of fractional osmolal clearance. Fig. 4 illustrates the relationship between fractional urea excretion (FEurea) and the fraction of filtered water excreted (FEH2o). The mean value for FEH2O was significantly greater in the uremic rats than in the control rats (2.97±0.69% vs. 0.61±0.15%, P < 0.001), and all but one pyelonephritic rat had values above the maximum value of 2% observed in the control groups. In both control groups and in the pyelonephritic group, a correlation between FEu,a and FEH2o was evident. However, the relationship was clearly different in control and pyelonephritic rats, suggesting an altered intranephronal handling of urea.
Micropuncture data. Mean arterial blood pressure was not different between the control and the pyelonephritic groups of rats subjected to micropuncture (118.6+4.6 mm Hgforintactcontrol, 107.0+8. 4 was twice as great in uninephrectomized control and in pyelonephritic animals as in intact control animals. Fractional urea delivery from the proximal tubule was greater in intact control than in uninephrectomized or pyelonephritic animals: 73+8% vs. 52±+2% and 53+3%, respectively (P <0.005). Both groups of control animals demonstrated significant addition of urea in the loop of Henle, as urea delivery to the early distal tubule rose to 137+11% and 93±+6% of the filtered load in intact and uninephrectomized control animals (P < 0.001 for each group compared to the late proximal tubule value). In contrast, fractional delivery of urea in the early distal tubule of pyelonephritic animals was 65+13%, a value not significantly different from that observed in the late proximal tubule of the same group of animals and significantly less than that observed in the early distal tubule of each control group.
Mean (TF/P)Xm ratios in the late proximal tubule and the early distal tubule are shown in Fig. 6 . The late proximal tubular fluid was iso-osmotic in intact control and in pyelonephritic rats. In contrast, (TF/P).m ratios in early distal tubular samples were reduced significantly (P < 0.001) and to an equal degree in both normal and pyelonephritic animals (0.43+0.07 and 0.44±0.02, respectively). Thus, the loop of Henle of superficial nephrons in diseased and normal kidneys demonstrates the same capacity to dilute the tubular fluid, although the absolute volume of tubular fluid per nephron delivered to the loop was approximately twice as great in the pyelonephritic rats as in the control rats.
Tissue slice data. The results from tissue slice analyses are presented in Figs. 7 and 8 for micropunctured pyelonephritic kidneys and for micropunctured and unmicropunctured kidneys from control animals. In both groups of control kidneys a distinct corticopapillary gradient for total tissue water solute concentration was observed. In contrast, the pyelonephritic kidneys exhibited no such gradient (Fig. 7) , and these results are unchanged even if the solute content is expressed per unit dry weight. Fig. 8 depicts the fraction of tissue water solute contributed by urea in cortex, outer medulla, inner medulla, and papilla. In the control animals this fraction rose from cortex to papilla; the increment was somewhat greater in the unmicropunctured kidneys than in the micropunctured kidneys. In the pyelonephritic kidneys, the fractional contribution of urea to cortical tissue solute concentration was greater than in the control kidneys (a reflection of the increased plasma urea in the pyelonephritic animals); however, this fraction remained nearly constant from cortex to papilla and was significantly less in the inner medulla and papilla than in either group of control kidneys (P < 0.001), a finding consistent with previous observations by Gonick et al. (17) . DISCUSSION The generation and maintenance of a concentration gradient from cortex to papilla is essential for the ability of the normal kidney to raise the osmotic pressure of urine above that of plasma. According to current theories (8, 9, 18, 19) , the creation of this gradient is accomplished by the removal of solute from the ascending limb of Henle's loop,3 and from the inner medullary and papillary collecting ducts, with substantial trapping of this solute within the interstitial fluid of the inner medulla and papilla. Under the influence of ADH, the cortical and medullary collecting ducts become highly permeable to water; water diffuses down its chemical concentration gradient from tubular fluid to interstitial fluid; and in consequence of this diffusion of water, the concentration of urea in the tubular fluid increases. In the papillary region of the collecting duct (perhaps under the influence of ADH), the permeability to urea increases (23, 24) and there is further diffusion of urea from collecting duct fluid into the interstitial fluid of the inner medulla. During antidiuresis, urea residing within the medullary interstitial pool enters the pars recta (25) and the ascending limb of Henle's loop, and as a result, more urea may enter the distal tubule in the normal kidney than is initially filtered (12, 26) . As long as the plasma flow through the ascending vasa recta 3There is general agreement that this is accomplished by active transport of chloride in the thick ascending limb (20) , but there is controversy concerning the possibility of active sodium transport by the thin ascending limb (21, 22) .
is not too great, this recycling of urea serves to maintain a corticopapillary concentration gradient for urea in the inner regions of the kidney.
The data obtained from the normal kidneys of both control groups fit well within the framework of the foregoing theoretical formulation. In the loop of Henle of micropunctured superficial nephrons, sodium and water were reabsorbed, urea was added, and the (TF/P)osm ratio fell. The tissue slice data demonstrated a corticopapillary solute (and urea) gradient. Moreover, the proportion of the total tissue water solute contributed by urea increased from cortex to papilla as predicted by the model.
The experimental rats exhibited histologic changes typical of chronic pyelonephritis (27) , as well as the characteristic abnormalities of urinary concentrating ability, a marked decrement in Umax and TCH,O/GFR (1, 14, 28, 29 collecting duct hypotonic to plasma (30, 31) in great volume, as in the hypertrophied nephrons of both the unilaterally nephrectomized control group and the pyelonephritic group,4 the point at which the tubular fluid achieves isotonicity could, in theory, be shifted distally towards the tip of the renal papilla. This down-stream translocation of the iso-osmotic point would have two principal effects:
(a) TCH2O/GFR would be reduced and may even become negative ifisotonicity were not achieved by the time the tubular fluid reaches the ducts of Bellini, as in vasopressin-resistant hyposthenuria (5, 6) .
(b) Since the absolute quantity of water reabsorbed is greater when the tubular fluid is converted from a hypotonic to an isotonic solution than from an isotonic to a maximally hypertonic solution, a "downstream" shift in the point at which isotonicity is reached could lead to an inappropriate dilution of the inner medullary and papillary interstitial fluid. The 4The observation that the early distal (TF/P)o,m ratios for control and pyelonephritic animals were identical (Fig. 6) provides evidence that the diluting capacity of superficial uremic nephrons was well preserved. This finding agrees with prior clinical observations (4). The volume of free water in excess of iso-osmolal tubular fluid delivered to the distal nephron is given by tubular flow rate X [1 - effect of the latter would be to reduce the maximum value for urinary osmolality.
It thus becomes difficult to draw specific conclusions about the physiologic basis of the concentrating defect in uremia from an analysis of values for TCH20/GFR and Umax alone, since a reduction of values for both could result from an increase in the volume of hypotonic tubular fluid delivered to the inner medulla.
The present data demonstrated that at equal values for fractional urea excretion, the pyelonephritic animals excreted a substantially greater fraction of their filtered water than did either of the two control groups. Since the values for SNGFR and for distal delivery of tubular fluid were no greater in the pyelonephritic than the uninephrectomized animals, these differences are unlikely to be due either to hyperfiltration or to increased tubular flow rates per se.
The data obtained from micropuncture of superficial nephrons of pyelonephritic kidneys demonstrated that sodium, water, and urea5 were avidly reabsorbed in the proximal convoluted tubule. The unusually avid reabsorption of water and sodium presumably is a reflection of the severe extracellular fluid volume contraction associated with the extreme degrees of weight loss brought about by dehydration (11, 13, 32, 33) .
Comparison of values from the end of the accessible portion of the proximal tubule and from the early distal tubule demonstrated that fractional reabsorptions of sodium and water were closely comparable in normal and pyelonephritic rats, a finding consistent with prior observations (11, 13, 14) . However, in contrast to the evidence for net addition of substantial amounts of urea to the loop of Henle in kidneys from both intact control and uninephrectomized control rats, no significant entry of urea into Henle's loop was apparent in the pyelonephritic kidneys. Thus the intrarenal urea cycle was interrupted in the superficial nephrons of the pyelonephritic kidneys. This same observation has recently been made by Armsen et al. (34) .
Increased tubular flow rates cannot be invoked to explain the interruption in urea recycling. Indeed, SNGFR and tubular flow rate were increased to a comparable degree in uninephrectomized controls and pyelonephritic rats, but only the latter animals failed to recycle urea. Moreover, the analysis of kidney slices demonstrated a markedly decreased concentration of urea in the inner medullary and papillary tissue water 5The fact that fractional delivery of urea out of the proximal tubule was greater in the normal control rats than in either of the other two groups, while fractional delivery of water was closely comparable among the three groups, is not readily explicable. The possibility that this phenomenon is due to a decrease in the reflection coefficient for urea in hypertrophied nephrons with supemormal values for SNGFR remains to be examined. in pyelonephritic rats compared not only to intact control rats but also to the uninephrectomized control rats; and the latter animals maintained as steep a corticopapillary gradient both for total solute and for urea as the intact control rats. In contrast, the pyelonephritic kidneys established neither a total solute nor a urea gradient from cortex to papilla. Finally, the uninephrectomized control rats achieved values for Umx as high as those for the intact control animals, while the pyelonephritic group exhibited a markedly impaired ability to concentrate the final urine.
The present studies show that: (a) the pyelonephritic kidneys fail to concentrate the urine osmotically to a maximal degree and fail to conserve free water maximally; and (b) these functional defects are associated with a failure to accumulate solutes in the interstitial fluid water and with an interruption of the intrarenal recycling of urea. The explanation for the latter phenomenon is not evident from the present data and, in theory, could be due to one or more of the following events:
(a) Reduction in the permeability of the pars recta and the ascending limb ofHenle to urea with a resultant decrease in urea entry into the loop.
(b) Diminished responsiveness to ADH in the cortical collecting tubule with impairment of water diffusion from this segment of the nephron. The latter would reduce the degree to which intratubular urea is concentrated and thereby retard the diffusion of urea from the papillary collecting duct into the interstitial fluid.
(c) Delivery of increased quantities of hypotonic tubular fluid downstream beyond the cortical collecting tubule, with failure to achieve osmotic equilibration with the surrounding interstitial fluid whatever the responsiveness to ADH. Urea diffusion would thereby be retarded.
(d) Increase in the rate of plasma flow through the ascending vasa recta resulting in a "medullary washout" of urea and a resultant failure either to accumulate interstitial fluid solute or to recycle urea into the pars recta and ascending limb of Henle. The latter could occur even if the permeability to urea were unmodified and the tubular response to ADH were unimpaired.
Whatever the mechanism, the present study demonstrates that the intrarenal handling of urea is disordered and that the normal corticopapillary solute gradient is obliterated within the pyelonephritic kidney. This must inevitably lead to a concentrating defect.
